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(57) ABSTRACT 

The invention relates to refractometry and attenuated re?ec 
tance spectrometry in a Wellbore environment. Speci?cally, 
it pertains to a robust apparatus and method for measuring 
refractive index of ?uids along a continuum (rather than in 
steps), and for measuring attenuated re?ectance spectra, and 
for interpreting the measurements made With this apparatus 
to determine a variety of formation ?uid parameters. The 
present invention provides a method and apparatus to dis 
tinguish betWeen gas and liquid based on the much loWer 
index of refraction of gas. It can also be used to monitor ?uid 
sample clean up over time. The refractive index of a Well 
bore ?uid is determined from the fraction, R, of light 
re?ected off the interface betWeen a transparent Window that 
has a knoWn refractive index and this ?uid. Preferably, the 
refractive index is measured at some Wavelength of light for 
Which the ?uid is not highly attenuating. HoWever, the 
adjacent transmission spectrometer can be used to correct 
the refractive index measurement for attenuation at those 
Wavelengths, Which it monitors. Also, this re?ection-based 
refractometer design can be used as an attenuated re?ectance 
spectrometer at highly attenuating Wavelengths. 
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METHOD AND APPARATUS FOR A DOWNHOLE 
REFRACTOMETER AND ATTENUATED 
REFLECTANCE SPECTROMETER 

FIELD OF THE INVENTION 

[0001] The invention relates to refractometry and spec 
trometry in a Wellbore environment. Speci?cally, it pertains 
to a robust apparatus and method for measuring refractive 
index of ?uids along a continuum (rather than in steps), of 
measuring attenuated re?ectance spectra, and to the inter 
pretation of measurements made With this apparatus to 
determine a variety of formation ?uid parameters. The 
refractometer and attenuated re?ectance spectrometer dis 
closed here uses a simpli?ed design, Which is very appro 
priate for a doWnhole environment. 

BACKGROUND OF THE INVENTION 

[0002] Oil and gas companies spend large sums of money 
in their attempts to ?nd hydrocarbon deposits. They drill 
exploration Wells in their most promising prospects and use 
these exploration Wells not only to determine Whether 
hydrocarbons are present but also to determine the proper 
ties of those hydrocarbons, Which are present. 

[0003] For deep offshore ?elds, before any hydrocarbons 
can be produced, it is ?rst necessary to spend several years 
building very expensive platforms With proper oil and gas 
handling facilities. The design speci?cations and cost of 
materials used in these facilities are strongly dependent on 
the properties of the hydrocarbons, such as gas to oil ratio, 
viscosity, bubble point pressure, asphaltene precipitation 
pressure, and so on. The exploration Well itself is generally 
plugged and abandoned not long after it is drilled. HoWever, 
the information that it provides is often used throughout the 
life of the oil or gas ?eld. 

[0004] To determine hydrocarbon properties, oil and gas 
companies often WithdraW some hydrocarbons from the 
exploration Well. Wireline formation testers, such as the 
Baker Atlas Reservoir Characterization Instrument (RCI) 
can be loWered into the Well for this purpose. 

[0005] Initially, ?uids that are WithdraWn may be highly 
contaminated by ?ltrates of the ?uids (“muds”) that Were 
used during drilling. To obtain samples that are suf?ciently 
clean (usually <10% contamination) so that the sample Will 
provide meaningful lab data concerning the formation, for 
mation ?uids are generally pumped from the Wellbore for 
30-90 minutes, While clean up is being monitored in real 
time. Then, these WithdraWn ?uids can be collected doWn 
hole in tanks for subsequent analysis in a laboratory at the 
surface. 

[0006] Alternatively, for some properties, samples can be 
analyZed doWnhole in real time. The present invention 
relates both to monitoring sample clean up and to perform 
ing doWnhole analysis of samples at reservoir conditions of 
temperature and pressure. 

[0007] A doWnhole environment is a dif?cult one in Which 
to operate a sensor. Measuring instruments in the doWnhole 
environment must operate under extreme conditions and 
limited space Within a tool’s pressure housing, including 
elevated temperatures, vibration, and shock. 

[0008] US. Pat. No. 5,167,149 by Mullins et al. and US. 
Pat. No. 5,201,220 by Mullins et al., are both entitled 
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Apparatus and Method for Detecting the Presence of Gas in 
a Borehole FloW Stream. The Mullins apparatus of that 
invention comprises a doWnhole 8-channel critical angle 
(and BreWster angle) refractometer to distinguish oil from 
gas and to estimate the percentage of gas in a ?uid. 

[0009] The traditional method of measuring the index of 
refraction of a dark ?uid (such as a crude oil) is the critical 
angle refractometer. A diverging beam of light travels 
through a transparent solid (e.g., glass) and strikes the 
interface betWeen this transparent solid and some ?uid to be 
measured, Which is in contact With the transparent solid. The 
re?ected diverging beam is dimmer at those angles, Which 
are close to a normal to the interface. At such angles, some 
of the light is transmitted (refracted) into the ?uid. 

[0010] The re?ected diverging beam is much brighter at 
glancing angles. Starting at the BreWster angle, any incident 
p-polariZed light suffers no re?ection loss. Starting at the 
critical angle, all light, regardless of polariZation, suffers no 
re?ection loss but is 100% re?ected from the interface so 
that no light is transmitted into the ?uid. 

[0011] The critical angle can be calculated from Snell’s 
LaW, nO sin 0O=nO sin 01, for light refracted as it travels from 
medium nO to medium n1. The maximum possible refracted 
angle (as measured from the normal to the interface) is 90° 
so by substituting 01=90° into Snells’s LaW We can calculate 
the critical angle, 0c=arcsin (nl/no). 
[0012] At the critical angle, We see a large change in 
re?ected intensity (a bright/dark demarcation), Which can be 
located using a single moveable detector or an array of 
stationary photodetectors. Asingle moveable detector Would 
add substantial mechanical complications to a doWnhole 
design. 
[0013] Laboratory instruments often use an array of 1024 
or more stationary photodetectors to detect the critical angle. 
HoWever, mimicking the lab design doWnhole Would be 
dif?cult because multiplexers built into photodetector arrays 
generally do not Work above about 95 C. Even With separate 
high-temperature multiplexers, multiplexing so many very 
Weak signals at the elevated temperatures encountered 
doWnhole Would be problematic as they Would probably 
have to be stacked. Therefore, doWnhole, only a feW ?xed 
photodetector elements (e.g., 8) are likely to be used for a 
critical angle refractometer. Of course, With an 8-channel 
refractometer, as described in US. Pat. Nos. 5,167,149 and 
5,201,220 mentioned earlier, the refractive index is mea 
sured only in 8 steps rather than as a continuum. 

[0014] Because such a device only measures refractive 
index in eight coarse steps, it Would be dif?cult for an 
operator of this device to monitor sample clean up. Sample 
clean up refers to the transition from ?ltrate-contaminated 
?uid to nearly pure formation ?uid While pumping ?uid 
from selected depths in the Wellbore. 

[0015] Accurate sample clean up monitoring cannot be 
provided by processing a course refractive index reading. 
Thus, there is a need for a method and apparatus, Which can 
measure refractive index along a continuum so that an 
operator can accurately monitor the refractive index of a 
formation sample. 

SUMMARY OF THE INVENTION 

[0016] The present invention provides an continuous 
refractive index measurement. An advantage to monitoring 
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clean up by using a continuous refractive index measure 
ment is that refractive index is much less sensitive to the 
passage of sand or other particulates, Which can cause 
sudden spurious increases (“jumps”) in absorbance across 
the entire spectrum of a doWnhole transmission spectrom 
eter. 

[0017] The refractometer of the present invention is less 
sensitive to particulates because it probes the ?uid to a depth 
of only a feW Wavelengths of light past the WindoW so it does 
not see all of the particulates that pass through the 2-mm 
pathlength cell (304). FeW particles get Within a feW Wave 
lengths of light of the WindoW, in part, because there is a 
coating of ?uid around the particles and around the WindoW 
that is at least a feW Wavelengths of light. 

[0018] The present invention does not require measuring 
the critical angle. Furthermore, it can also be used as an 
attenuated re?ectance spectrometer. 

[0019] The present invention provides a continuous 
refractive index measurement and comprises an apparatus 
and method of simpli?ed refractometer design for durable 
and accurate operation in a doWnhole environment. In one 
aspect of the invention, the present invention provides for 
novel interpretation of measurements made With the refrac 
tometer of the present invention. In another aspect of the 
invention, the present invention provides a method and 
apparatus to distinguish betWeen gas and liquid based on the 
much loWer index of refraction of gas. In another aspect of 
the invention, the present invention provides a method for 
determining the refractive index of a Wellbore or formation 
?uid from the fraction of light, R, re?ected off of the 
interface betWeen a transparent WindoW and the Wellbore or 
formation ?uid. In another aspect of the invention, the 
present invention can be used to observe the bubble point 
and deW point of formation ?uid during depressuriZation, or 
to provide accurate determination of a number of other 
formation properties. In another aspect of this invention, the 
present invention can be used to obtain a ?uid’s absorption 
spectra in highly attenuating regions. 

[0020] Highly attenuating regions include the asphaltene 
peak (due to electronic transitions) in the visible and near 
infrared or strong molecular vibrational peaks in the mid 
infrared (Whose absorbance can be over a 100 times greater 
than corresponding absorbance peaks in the near infrared) or 
in the near infrared. Such spectra are, in general, too 
attenuating to be measured using transmission spectroscopy 
over a 2-mm pathlength. 

[0021] The mid-infrared is often called the “?ngerprint” 
region of infrared spectroscopy because it is Where subtle 
chemical differences can often appear particularly obvious. 
Infrared spectra of alkanes (found in crude oils) are different 
from the spectra of alkenes (found only in certain drilling 
?uids) or the spectra of various aromatics (founds mostly in 
crude oils but absent, by design, from any environmentally 
friendly synthetic drilling ?uids). 
[0022] Infrared spectral differences can form the basis for 
an improved method to estimate the amount of drilling ?uid 
contamination in a sample based on subtle differences in 
chemical composition inferred from molecular vibrational 
spectroscopy rather than color. These, and other objects and 
advantages of the invention, Will be evident from the fol 
loWing example of a preferred embodiment, Which is dis 
closed in the Detailed Description of the Invention. 
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BRIEF DESCRIPTION OF THE FIGURES 

[0023] FIG. 1 shoWs the percentages of light re?ected at 
a ?uid/sapphire interface versus the index of refraction for 
normal incidence (perpendicular) to the interface, Where the 
?uid is the refractive medium being measured; 

[0024] FIG. 2 is a diagram of a preferred embodiment of 
the refractometer of the present invention; 

[0025] FIG. 3 is an expanded vieW of the refractometer of 
FIG. 2; 

[0026] FIG. 4 is a graph comparing readings of the 
present-invention spectrometer to readings of a knoWn spec 
trometer; 

[0027] FIG. 5 is a graph shoWing the change in measured 
refractive index, n, of a contaminated crude oil With the 
percentage of oil based mud ?ltrate contamination; 

[0028] FIG. 6 is a graph shoWing the Clausius-Mossotti 
ratio (n2—1)/(n2+2) versus density (g/cc) for a diverse group 
of ten pure hydrocarbons (hexane, octane, decane, dodecane, 
docosane, benZene, toluene, o-xylene, m-xylene, and p-xy 
lene). These data are taken from the open literature (CRC 
Handbook of Chemistry and Physics, 50th Edition, 1969); 

[0029] FIG. 7 is a graph shoWing the volumetrically 
Weighted sum of each individual component’s Clausius 
Mossotti ratios versus the mixture’s density (g/cc) for ran 
dom synthetic mixtures of these ten pure hydrocarbons. 
Note that the best-?t slope and intercept is essentially the 
same for mixtures as it had been for pure components; and 

[0030] FIG. 8 is a graph shoWing the Clausius-Mossotti 
ratio (n2—1)/(n2+2) versus density (g/cc) for a group of ten 
crude oils that ranged from 19° to 41° API. Note that the 
best-?t slope and intercept for these highly complex mix 
tures (crude oils) is very close to the values found for pure 
hydrocarbons and their mixtures, Which suggests a nearly 
universal relationship betWeen the Clausius-Mossotti ratio 
and density. These data are taken from publically available 
literature (Table I of Buckley, et. al, Paper 61f of 2nd 
International Symposium on Thermodynamics of Heavy 
Oils and Asphaltenes, Houston, Mar. 9-13, 1997) after 
excluding one outlier (the Oklahoma crude). 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0031] The present invention provides a method and appa 
ratus for determining a number of formation ?uid properties 
from a refractometer measurement. The present invention 
also provides a method and apparatus to more accurately 
distinguish betWeen gas and liquid based on the much loWer 
index of refraction of gas. The refractive index of a Wellbore 
or formation ?uid can be determined from the fraction of 
light, R, re?ected off of the interface betWeen the preferred 
transparent WindoW, having a knoWn refractive index and 
the formation ?uid under analysis. 

[0032] FIG. 1 shoWs the percentage of light re?ected from 
the ?uid/sapphire interface, When that light is incident 
perpendicular to the plane of the surface of the transparent 
WindoW and interface. In this ?gure, the WindoW has a ?xed 
index of refraction of 1.75 but the index of refraction of the 
?uid varies. The minimum re?ection occurs When the ?uid’s 
refractive index equals the WindoW’s refractive index, Which 
for sapphire, is 1.75. 
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[0033] FIG. 2 shows a preferred refractometer design of 
the present invention that ?ts into the existing space Within 
a doWnhole ?uid-characteriZation tool, Which can perform in 
situ analysis of formation and Wellbore ?uids (for example, 
a Baker Atlas SampleVieWSM tool). 

[0034] In a preferred embodiment, a light source 201 (eg 
a tungsten light bulb) emits light toWard a formation or 
Wellbore ?uid sample. The emitted light is collimated by a 
collimating lens device 203, Which lies betWeen the light 
source and the ?uid sample. If unimpeded, the collimated 
light beam is incident generally perpendicular to the exterior 
surface of a ?rst sapphire WindoW 303. Sapphire WindoWs 
303 and 302 lie generally perpendicular to the collimated 
beam of light and are separated by a gap or channel 304 
enabling a ?uid under analysis to ?oW betWeen them. In a 
preferred embodiment, the refractometer assembly 205 
diverts a portion of the incident collimated beam from 310 
and focuses it onto interface 307 betWeen the ?rst sapphire 
WindoW 303 and the ?uid in channel 304. The re?ected light 
beam is split at 317 betWeen a refractometer (316, 318, and 
320) and an attenuated re?ectance spectrometer, 321. That 
portion of the collimated light beam, Which is not diverted 
for use in the refractometer or the attenuated re?ectance 
spectrometer continues on for use in other experiments such 
as a transmission absorption spectrometer, 209. 

[0035] FIG. 3 is an expanded vieW of the refractometer 
assembly 205, Which shoWs tWo optical transmission rods 
300, 301 (Which can be relay lenses or could simply be glass 
or sapphire rods) referred to as the left rod 300 and the right 
rod 301. The longitudinal axes of the tWo optical transmis 
sion rods lie in a plane perpendicular to the plane of both of 
the pressure containment plates 303, 302 comprising a ?rst 
sapphire WindoW 303 and a second sapphire WindoW 302 
and the channel 304. In addition, the tWo optical transmis 
sion rods 300, 301 are preferably side-by-side (and contact 
ing each other Where they meet 303) and may also be in 
contact the ?rst sapphire plate 303. To maximiZe the light 
signal, We could apply a high-temperature index matching 
gel to bridge the gap betWeen transmission rods 300, 301 
and ?rst sapphire plate 303. Leaving the gap un?lled except 
for air does not change the refractive index measurement 
because it diminishes the light intensity measurements of 
both the unknoWn and the reference sample by the same 
factor. Eq. 16, Which is used to calculate the refractive index 
depends only on the ratio, ILaiI/ILunk, so a common factor 
in both numerator and denominator cancels out. Transmis 
sion rods 300 and 301 are preferably at equal angles (of 
about 4°) With respect to the normal and straddling the 
perpendicular centerline 306. These preferred angles are the 
minimum practical Working angles that could be achieved 
Within mechanical design constraints. The ideal angle Would 
be Zero degrees because that is What is assumed in our 
formula for calculating refractive index from re?ected inten 
sity. HoWever, theoretical calculations shoW that the 
re?ected intensity changes only negligibly (by —0.0062% for 
air and by —0.0079% for oil) going from 0° to 4°. When 
these re?ection intensity errors are propagated through our 
formula, We ?nd that our 4° angle causes an error in our 
measured index of refraction of oil referenced against air, 
that is a negligible 2 to 3 parts per million loWer than it 
should be. 

[0036] The preferred refractometer is calibrated by plac 
ing a substance With a knoWn index of refraction (e.g. air or 
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Water) Within the channel 304. The intensity of the re?ected 
light transmitted to the ?rst sapphire plate 303 via left rod 
300 and re?ected back through right rod 301 at this sapphire/ 
air (or sapphire/Water) interface is recorded and is used as 
the calibration reference value for calculating the index of 
refraction of other ?uids from their relative re?ection inten 
sities. With a ?uid having a knoWn index (preferably air) in 
the channel 304 light source 310 is turned on, light enters the 
left rod 300, and re?ects off of the ?uid sapphire interface 
and back up through the right rod 301. This re?ected light 
proceeds up a ?ber optic link 314 to optical ?lter 316, and 
on to electro-optical transducer 318 and ?nally on to the 
electronic analysis/display system 320. 

[0037] When using a knoWn reference ?uid that is trans 
parent, a black test target 312 resides inside the channel 304 
on the inside surface of the second sapphire WindoW 302. It 
absorbs any light that passes through the ?rst sapphire 
WindoW and strikes the second sapphire WindoW, thus elimi 
nating back re?ections from the second WindoW 302. This 
test target 312 enables a correct reading, because removing 
target 312 Would potentially alloW back re?ections from the 
second sapphire WindoW 302 that could signi?cantly add to 
and thus alter calibration readings. These secondary re?ec 
tions, hoWever, are generally a problem only in calibration. 
One reason is that the formation ?uid generally has a higher 
absorbance than a reference ?uid used in calibration so 
secondary re?ections are generally extinguished by the ?uid 
itself. Another reason is that the fraction of light re?ected at 
the ?rst WindoW ?uid interface depends only on the refrac 
tive index of Whatever ?uid is Within about one skin depth 
of that interface and the gap 304 is much larger than the skin 
depth. 

[0038] In a preferred embodiment, formation ?uid or gas 
is passed through channel 304 betWeen the sapphire Win 
doWs 302 and 303 and a re?ected light intensity is measured. 
The re?ected intensity depends primarily on the index of 
refraction of the thin layer of formation ?uid in the channel 
304 in contact With the upper plate interface 303. 

[0039] The ?ber optic link 314 enables the electro-optical 
transducer 318 and associated mounting apparatus to be 
situated outside of the central light beam, Which is used for 
the transmission absorption spectrometer 209. The place 
ment of the assembly prevents a shadoW from being cast 
onto the portion of the sapphire WindoW that can be used for 
other measurement such as transmission absorption spec 
troscopy 209. 

[0040] Basic equations for re?ection are Well knoWn and 
can be found, for example, in Handbook of Optics, Volume 
1, Second Edition, Michael Bass. ed. For a non-absorbing 
WindoW and non-absorbing ?uid, the re?ection coef?cient of 
a light beam perpendicular to the interface is given by, 

[0041] Where n0 is the index of refraction of the WindoW 
and n1 is the index of refraction of the ?uid. Equation 1 can 
be inverted to solve for n1. 

For n1<n0, n1=n0(1—Sqrt(R))/(1+Sqrt(R)) (2) 

For n1>n0, n1=n0(1+Sqrt(R))/(1—Sqrt(R)) (3) 

[0042] The invention preferably uses sapphire (nO=1.746) 
for transmissive WindoW material. The index of refraction of 
most crude oils is betWeen 1.43 and 1.55. The index of 
refraction of natural gas at high pressure is considerably less. 
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Therefore, an implementation of this invention utilizes the 
formula associated With the case, n1<nO (Eq. 2). For light 
transmitted through the sapphire WindoW and striking the 
?uid/WindoW interface, the brighter the re?ection from the 
interface, the loWer the index of refraction of the ?uid. The 
loWest ?uid index of refraction is for vacuum (nO=1.0), 
Which is close to the index of refraction of air at one 
atmosphere of pressure (nO=1.0002926) at 0° C. 

[0043] The present invention further comprises correcting 
the estimation of the refractive index formula (Eq. 1) by 
accounting for any light absorption by the ?uid (attenuated 
re?ection effects) that occurs Within approximately one skin 
depth of the ?uid-WindoW interface. Only When the ?uid is 
highly attenuating at the Wavelength of light used by the 
refractometer Will the ?uid absorb enough light Within the 
short distance of one skin depth that it is necessary to correct 
for absorption by using Eq. 11 instead of the simpler Eq. 2. 

[0044] For a non-absorbing WindoW and an absorbing 
?uid, a complex index of refraction of the ?uid can be 
de?ned as a real part (n1 prime) and an imaginary part (k1). 

[0046] Here, k1 is the imaginary part of the complex index 
of refraction of the ?uid, representing absorption at Wave 
length 7», and 0t is the reciprocal of the distance (often called 
the “skin depth” or the “penetration depth”) Within Which 
the light intensity falls to l/e of its initial value. By the 
de?nition of absorbance, A=log1O[I0/I]. Multiplying both 
sides of this equation by 0t and replacing I by (IO/e), 
produces the corresponding absorbance per unit length in the 
?uid at wavelength, 7», as, 

[0047] The absorbance, A, of the ?uid over a ?xed path 
length, L, is obtained through another procedure of the 
instrument. This length, L, is preferably chosen to be 2 mm. 
Absorbance per unit length is an intensive property (inde 
pendent of shape or volume) of a ?uid, similar to mass 
density. Thus, one can equate the measured absorbance per 
unit length, (A/L) to the right side of Equation (6) and solve 
for 0t to obtain the folloWing equation: 

[0048] We can noW substitute 0t from Eq. 7 into Eq. 5 to 
calculate k1 in terms of the measured absorbance per unit 
length at wavelength, 7», as, 

k1=(A7~)/(4T'1L 1Og1u(@)) (8) 

[0049] Numerically, for L=2 mm, and )t in nm, 

k1=A2mmA8 nm]/(10 915 011) (9) 

[0050] so, for 1300 nm, k1=A2mm/8396; and for 1600 nm, 
k1=A2mm/6821, Where A2mm is the absorbance measured by 
our existing doWnhole transmission spectrometer next to 
Which this refractometer Will be installed. 

[0051] For a non-absorbing WindoW but absorbing ?uid, 
the re?ection coef?cient of a light beam that is perpendicu 
lar, or nearly perpendicular, to the interface is given by, 
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[0052] We solve for n1 to obtain 

”1=(”@/a){1I$q"[1-a2(1+(k1/”u)2)]} (11) 

[0053] Where a=(1—R)/(1+R). To minimiZe the need for an 
absorbance correction, measurement of the re?ection coef 
?cient is preferably performed at Wavelengths that are 
minimally absorbed by the ?uid, such as 1300 nm and 1600 
nm. These tWo Wavelengths lie betWeen the molecular 
absorbance bands. 

[0054] Of course, crude oils also have electronic absorp 
tion bands that decline With increasing Wavelength due to 
asphaltenes. For a light crude oil, the asphaltene peak often 
declines to a minimal absorbance by 1300 nm. For a medium 
gravity crude oil, the asphaltene peak may not decline to a 
minimal absorbance until the longer Wavelength, 1600 nm. 
For a heavy crude oil, correction formulas (Eq. 9 and Eq. 11) 
may be needed to calculate n1, despite using a minimally 
absorbing longer Wavelength, such as 1600 nm. 

[0055] For normal incidence, at a Wavelength Where the 
?uid is not strongly absorbing, the folloWing formula can be 
used to calculate the index of refraction, nunk, of an unknoWn 
?uid. It calculates, nunk, in terms of 1) the index of refraction 
of sapphire, 2) the index of refraction of air, 3) the ratio of 
the intensity of light re?ected off the sapphire/ air interface to 
the intensity of light re?ected off of the sapphire/unknoWn 
interface. 

nunk=nsap(a—b)(a+b) (14) 
[0056] Where 

a=(nsap+nair)/(nsap_nair) (15) 
b=Sqrt(IiHnk/IIi3iI) (1 6) 
[0057] ILaiI=Intensity of Re?ected Signal When Air 

is in the cell 

[0058] ILunk=Intensity of Re?ected Signal When an 
UnknoWn Fluid is in the cell 

[0059] nunk=lndex of Refraction of UnknoWn Fluid 

[0060] nair=lndex of Refraction of Air (is approxi 
mately 1.0029) 

[0061] nsap=lndex of Refraction of Sapphire (is 
approximately 1.746) 

[0062] Eq. 14 can be derived from Eq. 1 by taking the 
square root of the ratio of the re?ectance for an unknoWn/ 
sapphire interface to the re?ectance for an air/sapphire 
interface, then applying the de?nitions of a and b, and 
?nally, solving for nunk. 

[0063] FIG. 4 compares the refractometer of the present 
invention measurements of refractive indices (at 1600 nm 
using Eq. 14) to refractive indices measured in the visible 
With a conventional refractometer for Water, pentane, and 
trichloroethane (loW, medium, and high refractive index, 
respectively). Further re?nements could be made to correct 
for slight changes in the refractive indices of air and sapphire 
With temperature or to correct refractive indices (measured 
at 1600 nm by the present invention) to conventional indices 
(measured in the visible, often at 589 nm). 

[0064] The present invention obtains crude oil spectra 
over the highly attenuating asphaltene peak in the visible 
and short Wave near infrared. A reference spectrum of 
re?ected intensity versus Wavelength Was collected by 
attaching a small Ocean Optics S2000 portable ?ber optic 
spectrometer directly to ?ber optic link 314 and over the 
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range of 400-1100 nm When air Was the ?uid ?lling the gap 
304 under the ?rst sapphire WindoW 303. The gap 304 Was 
then ?lled With crude oil and the present invention collected 
another spectrum of re?ected intensity versus Wavelength. 
The base ten log of the ratio of these tWo spectra generated 
the crude oil’s absorbance spectrum over the asphaltene 
region. This measurement displayed asphaltene’s character 
istic rising absorption at shorter Wavelengths. 

[0065] To use the present invention as both a refractometer 
and an attenuated re?ectance spectrometer, an optical split 
ter 317 is added to ?ber optic link 314. The splitter 317 sends 
part of the collimated light beam to the original optical ?lter 
316 and to the electro-optical transducer 318 of the refrac 
tometer. The splitter diverts the rest of the beam to an 
attenuated re?ectance spectrometer 321 comprising one or 
more optical ?lters, gratings, or other Wavelength-separating 
components and photodetectors. 

[0066] The present invention provides a continuum of 
refractive index readings (rather than coarse steps), thus, the 
continuous refractive readings can also be used to monitor 
more subtle changes in the refractive index such as those 
associated With sample clean up. Sample clean up refers to 
the transition from ?ltrate-contaminated formation ?uid to 
nearly pure formation ?uid While pumping ?uid from 
selected depths in the Wellbore. FIG. 5 illustrates hoW the 
refractive index of a contaminated crude oil can be related 
to the percentage of oil based mud ?ltrate contamination. 

[0067] The Clausius-Mossotti equation (Eq. 17) relates the 
Clausius-Mossotti ratio, r=(n2—1)/(n2+2), to the mass den 
sity, p, and molar polariZability, P, and the gram-molecular 
Weight, M. 

[0068] For an ideal mixture, the volumetrically Weighted 
sum of the each component’s Clausius-Mossotti ratio is 
equal to the mixture’s Clausius-Mossotti ratio. In this Way, 
one can relate the index of refraction of a mixture to the 
index of refraction of its constituent components. For an 
ideal mixture, the volumetrically Weighted sum of the each 
component’s Clausius-Mossotti ratio is equal to the mix 
ture’s Clausius-Mossotti ratio. In this Way, We can relate the 
index of refraction of a mixture to the index of refraction of 
its constituent components. That is, if a mixture’s index of 
refraction is n, and the i-th component of the mixture 
occupies a volume fraction, ?, and has an index of refrac 
tion, ni, then, 

[0069] The present invention also enables determination 
of the deW point pressure for ?uid in the channel, Which if 
pure formation ?uid, represents the ?uid in the surrounding 
formation. By capturing a sample of formation ?uid in the 
channel 304 and changing the volume by closing valve 340 
and moving the piston 341 up or doWn to decrease or 
increase the volume of the sample in channel 304 and 
increase or decrease the pressure in channel 304 respec 
tively, the present invention enables a user to determine the 
deW point or bubble point for the ?uid sample 340. The 
present invention measures the refractive index of ?uid 
Within a short distance into the sample, past the interface, the 
span of a feW Wavelengths of light from the channel/sample 
interface. At the deW point, gas preferentially condenses to 
liquid on solid surfaces, Which act as nucleation sites. That 
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is, at the deW point, a sheet of liquid forms on the WindoW 
and is detected by the present invention using the change in 
refractive index detected When going from a gas to a liquid. 

[0070] The measured index of refraction rises during a 
?uid’s transition from a gaseous phase to a liquid phase 
because, With a liquid phase in contact With the WindoW, 
there is a drop in the intensity of the re?ected light. HoW 
ever, in the unlikely event that the thin liquid layer is 
perfectly ?at and parallel rather than slightly Wedge shaped, 
some of the re?ection from the ?uid/gas interface can make 
it back to the detector, resulting in a less dramatic change in 
re?ected light When crossing the deW point. 

[0071] FIG. 6 is a graph shoWing the Clausius-Mossotti 
ratio (n2—1)/(n2+2) versus density (g/cc) for a diverse group 
of ten pure hydrocarbons (hexane, octane, decane, dodecane, 
docosane, benZene, toluene, o-xylene, m-xylene, and p-xy 
lene). These data are taken from the open literature (CRC 
Handbook of Chemistry and Physics, 50th Edition, 1969). 

[0072] FIG. 7 is a graph shoWing the volumetrically 
Weighted sum of each individual component’s Clausius 
Mossotti ratios versus the mixture’s density (g/cc) for ran 
dom synthetic mixtures of these ten pure hydrocarbons. 
Note that the best-?t slope and intercept is essentially the 
same for mixtures as it had been for pure components. 

[0073] The present invention enables measurement of a 
continuous refractive index doWnhole. It combines this 
measurement With an estimated molar mass, speci?c gravity, 
or boiling point, Which are derived from a database of 
historical values for the region, inferred from experience in 
a particular geographic area and depth, inferred from refrac 
tive index, or measured by completely independent means. 
For example, the doWnhole speci?c gravity can be obtained 
from the gradient (slope of pressure versus depth) of a series 
of RCI pressure measurements at different depths in the 
Well. Alternatively, as illustrated in FIG. 8, the speci?c 
gravity can be estimated from the refractive index itself. 

[0074] KnoWn doWnhole refractometers measure in 8 
steps so they can only tell the user to Which of these eight 
steps the refractive index belongs. That is, an eight-step 
device can only report the refractive index range (loWer and 
upper limits of one of the eight steps) of the ?uid rather than 
the refractive index itself. 

[0075] The preferred doWnhole refractometer of the 
present invention measures refractive index along a con 
tinuum rather than in steps. Therefore, the measured refrac 
tive index enables estimation of other useful doWnhole 
properties, such as bubble point pressure, surface tension, 
and solubility parameters. 

[0076] Aplot of refractive index versus ?uid pressure has 
its minimum at the ?uid’s bubble point pressure. For 
example, it could change from 1.47 (When the ?uid is above 
or beloW the bubble point) to a minimum at 1.43 (at the 
bubble point). Therefore, the present invention provides an 
expandable sample chamber formed by channel 304, valve 
340 and piston 341 to reduce the pressure doWnhole While 
measuring refractive index, using the refractometer of the 
present invention to determine the bubble point pressure. 
(Buckley, et. al, Paper 61f of 2nd International Symposium 
on Thermodynamics of Heavy Oils and Asphaltenes, Hous 
ton, March 9-13, 1997). Expandable sample chambers to 
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reduce pressure below the bubble point are well known in 
the art as disclosed in US. Pat. No. 6,218,662. 

[0077] The parameter Rm=(n2+2)/[(n2+2)p] represents the 
fraction of total volume occupied by the molecules and is a 
very useful parameter in predicting many physical and 
thermodynamic properties (RiaZi M. R., Daubert T. E., 
“Characterization Parameters for Petroleum Fractions”, 
Industrial and Engineering Chemistry Research, USA, 
Vol. 26, Pages 755-759, 1987). In this formula, (n2—1)/(n2+ 
2) is the volume occupied by the molecules per mole and p 
is the number of moles (not grams) per unit volume. The 
parameter Rm along with other parameters can be used to 
estimate surface tension, bubble point, and in ?ash calcula 
tions (Escobedo, J. and Mansoori, G. A., Surface Tension 
Prediction for Liquid Mixtures, AIChE Journal, Vol. 44, No. 
10, pp. 2324-2332, 1998). 

[0078] The expression (n2—1)/(n2+2)3/4 is proportional to 
the solubility parameter and can be used to estimate the 
polariZability of the mixture and relative fraction of aromat 
ics versus aliphatics (Buckley, et. al, “Asphaltene Precipi 
tation and Solvent Properties of Crude Oils, Pet. Sci. Tech., 
Vol. 16, No. 3-4, p. 251, 1998). 

[0079] Thermodynamic and physical properties of petro 
leum fractions and products are important in the appropriate 
design and operation of equipment in petroleum production, 
processing and transportation. The estimation of formation 
?uid properties has been discussed in general as shown in 
the following excerpt from the abstract of a paper by 
Mohammad R. RiaZi* and Yousef A. Roomi, which was 
entitled, “Minimum Lab. Data To Measure Fluid Proper 
ties”, discusses the estimation of most all formation ?uid 
properties from molar mass, speci?c gravity and refractive 
index and was presented at the 50th Canadian Chemical 
Engineering Conference (CSChE 2000), Montreal, Canada, 
Oct. 15-18, 2000. (See also, Industrial & Engineering Chem 
istry Research (Issue 8, 2001). RiaZi, M. R. and Y. Roomi, 
“Use of Refractive Index in Estimating Thermophysical 
Properties of Hydrocarbon Mixtures”, Accepted for publi 
cation in Industrial & Engineering Chemistry Research, 
American Chemical Society, January 2001). 

[0080] Heat capacity, thermal conductivity, viscosity 
and density of a petroleum fraction are needed in 
design and operation of a heat exchanger unit in a 
re?nery. Knowledge of the amount of benZene, aro 
matic and sulfur content of a petroleum product is 
important in determination of the quality of a petro 
leum fuel such as gasoline or gas oil. Experimental 
determination of all these properties for every petro 
leum mixture under different conditions is expensive 
and time consuming. By only measuring three basic 
properties almost every other property can be esti 
mated with a good degree of accuracy. These three 
basic properties are molar mass, speci?c gravity and 
refractive index at 20 C. In cases that molar mass is 

not available, boiling point (distillation data) along 
with speci?c gravity and refractive index may be 
used to estimate various thermodynamic and physi 
cal properties. Petroleum fractions and products are 
mixtures of many hydrocarbon compounds from 
different groups. These compounds are non-polar 
and the main intermolecular force is the London 
dispersion force determined from polariZability, 
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which is de?ned in terms of refractive index. Refrac 
tive index is an easily measurable property in a 
laboratory. With the knowledge of refractive index, 
density and molar mass one can accurately determine 
the amount of paraf?ns, naphthenes, monoaromatics, 
polyaromatics and sulfur in a petroleum fraction. 
Through these parameters many physical properties 
such as critical properties, equations of state param 
eters, viscosity, thermal conductivity, diffusivity, 
heat capacity and heat of vaporiZation can be esti 
mated with an accuracy of 1-2% from experimental 
data. Many physical and thermodynamic properties 
of complex petroleum mixtures can be determined 
from very few parameters that can be measured. 

[0081] Thus, utiliZing the present invention to determine 
the refractive index of a formation sample, and providing the 
molar mass and speci?c gravity one can accurately deter 
mine the amount of paraf?ns, naphthenes, monoaromatics, 
polyaromatics and sulfur in a petroleum fraction. Through 
these parameters many physical properties such as critical 
properties, equations of state parameters, viscosity, thermal 
conductivity, diffusivity, heat capacity and heat of vaporiZa 
tion can be estimated 

[0082] The foregoing example of a preferred embodiment 
is intended for purposes of explanation and not intended to 
limit the scope of the invention, which is de?ned by the 
following claims. 

What is claimed is 
1. An apparatus for measuring the index of refraction for 

a formation ?uid sample, comprising: 

a channel in communication with a formation for captur 
ing a sample from the formation; 

a light source for directing light towards an interface 
between the channel through a ?rst channel wall and a 
sample contained in the channel; and 

an electronic analysis system for measuring a light signal 
re?ected from the sample at the interface. 

2. The apparatus of claim 1, the ?uid channel further 
comprising: 

an expansible channel volume to enable changing the 
pressure on the sample in the expansible volume. 

3. The apparatus of claim 1, further comprising: 

a ?rst light rod for delivering light to the sample; and 

a second light rod for collecting light re?ected from the 
sample to be measured. 

4. The apparatus of claim 1, the channel further compris 
ing a second channel wall, the second wall further compris 
ing a non-re?ective region on the second wall to minimiZe 
the re?ection signal from the second wall during calibration. 

5. The apparatus of claim 1 further comprising: 

a splitter for diverting a portion of the re?ected light 
signal to an attenuated re?ectance spectrometer. 

6. Amethod for measuring an index of refraction of a ?uid 
sample, comprising: 

containing a sample within a channel; 

directing a light beam towards an interface between a 
sample in the channel and the channel; 
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measuring the intensity of a re?ected beam of light from 
the interface; and 

calculating the refractive index of the sample. 
7. The method of claim 6, further comprising: 

measuring a continuum of the readings of refractive 
indices. 

8. The method of claim 6, further comprising correcting 
the determined value of refractive indeX for the absorbance 
of light by the sample. 

9. The method of claim 6, further comprising: 

performing an absorbance correction to the indeX of 
refraction. 

10. The method of claim 6, further comprising: 

selecting Wavelengths at Which a sample is minimally 
absorbing to avoid having to perform an absorbance 
correction to the indeX of refraction. 

11. The method of claim 6, further comprising: 

distinguishing betWeen oil and gas based on the intensity 
of light re?ected at the interface. 

12. The method of claim 6, further comprising: 

determining the deW point of the sample. 
13. The method of claim 6, further comprising: 

measuring attenuated re?ectance; and 

obtaining near-infrared and mid-infrared absorbance 
spectra of the sample from the attenuated re?ectance 
versus Wavelength. 

14. The method of claim 6, further comprising: 

monitoring small changes in refractive indeX associated 
With reduction in sample contamination. 

15. The method of claim 6, further comprising: 

positioning a light collection rod a proximate distance 
from the interface suf?cient to maXimiZe the re?ected 
signal from the interface. 

16. The method of claim 6, further comprising: 

placing a non-re?ective region on a surface of the channel 
to minimiZe the re?ection signal from the channel 
surface upon Which light from the light source is 
incident. 

17. The method of claim 6, further comprising: 

eXpanding the volume of the channel to loWer the pressure 
beloW the bubble point for the sample. 

18. The method of claim 6, further comprising: 

reducing the volume of the channel until a sheet of liquid 
is detected on the interface to determine the deW point 
for a sample. 
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19. The method of claim 6, further comprising: 

determining a minimum for the measured refractive indeX 
to determine a bubble point pressure for a ?uid sample. 

20. The method of claim 6, further comprising: 

determining the fraction of total volume occupied by 
sample molecules per mole to estimate surface tension, 
bubble point, or ?ash calculations for the sample. 

21. The method of claim 19, further comprising: 

determining a solubility parameter for the sample using 
the refractive indeX. 

22. The method of claim 19, further comprising: 

determining a quantity of at least one of: paraf?ns, naph 
thenes, monoaromatics, polyaromatics and sulphur in a 
sample using a measured refractive indeX in combina 
tion With independently determined molar mass and 
speci?c gravity or boiling point and speci?c gravity. 

23. The method of claim 21, further comprising: 

estimating at least one of viscosity, thermal conductivity, 
diffusivity, heat capacity and heat of vaporiZation using 
the refractive indeX in combination With in dependently 
determined molar mass and speci?c gravity or boiling 
point and speci?c gravity. 

24. The method of claim 6 further comprising: 

estimating a sample mass density from refractive indeX. 
25. The method of claim 6 further comprising: 

monitoring sample clean up by monitoring continuous 
refractive indeX readings for the sample. 

26. The method of claim 6 further comprising: 

determining a percentage of contamination from molecu 
lar vibrational spectra obtained With attenuated re?ec 
tance spectrometer. 

27. The method of claim 6, further comprising: 

measuring ?uorescence for the sample; and 

correlating the refractive indeX for the sample With the 
?uorescence for the sample to infer a sample property. 

28. The method of claims 6, further comprising: 

diverting a portion of the re?ected light beam to an 
attenuated re?ectance spectrometer; and 

measuring attenuating re?ectance. 
29. The method of claim 1, further comprising: 

measuring the refractive indeX of the sample Within 2-3 
Wavelengths of light deep into the sample. 

* * * * * 


